The aim of this study was to elucidate the relation between electrical activity in the corpus cavernosum (CC), penile responses and brain processes. EEG potentials, penile circumference and electrical activity of the CC (CC-EMG) were recorded simultaneously while male subjects were exposed to visual sexual stimuli. The trials were sorted by the penile response of the subjects (erection, maintenance or detumescence). The corresponding EEG recordings were subjected to independent component analysis (ICA) and then correlated with CC activity. We found that CC activity was decreased in the case of erection. EEG activity was found to be correlated with CC activity in most cases at the same instant or with subsequent CC activity. EEG activity at early time points after stimulus onset (o300 ms) was found to be correlated with CC activity, indicating penile response preparation at a pre-attentive processing level. These data indicate that (i) CC activity is under the control of brain processing and (ii) autonomous input reaches the CC in fractions of a second after sexual stimulus onset. Our experimental paradigm should be used for the study of psychogenic erectile dysfunctions and could help in the development of an objective measurement of this disturbance
Introduction
Electrodes placed on the skin of the flaccid penis enable recordings of a signal that is characterized by periodic bursts of depolarizations. This measurement was introduced in 1989 1 and is referred to as corpus cavernosum (CC) electromyography (EMG). It is believed that the CC potentials reflect the activity of the sympathetic nerve fibers leading to contraction of the smooth muscle of the arterioles and of the trabecular walls. It was found that CC potentials disappear during sleep-related erections. 2 The 'electrical silence' was interpreted as absence of sympathetic activity, allowing penile erection during sleep. Consistently, decreases in penile circumference were accompanied by a restarting of CC potentials.
However, things become more complicated once the subject is awake. Whereas some researchers have found that CC activity decreased during erection, 1 others described an increase in CC potentials during erection among awake men. This has been attributed to ongoing sympathetic activity due to nervousness, skin electrical activity and movement artifacts during the observation of audiovisual sexual stimuli. [2] [3] [4] [5] Detailed analysis of CC potentials during erection induced by audiovisual sexual stimulation showed a decrease in amplitude and duration, with an increase in frequency. 6 This was interpreted as desynchronization of the smooth muscle cells following reduction of the sympathetic tone.
In summary, the understanding of CC potentials related to psychogenic erection in men is far from complete. The understanding of this signal might be enhanced if it is studied in the context of brain potentials, which are a possible source of these signals. In a previous paper, we presented EEG brain potentials related to penile response that were recorded during visual sexual stimulation. 7 Using independent component analysis (ICA) seven components of EEG brain activity were identified, which effectively differentiated between different penile responses (erection, maintenance and detumescence). Moreover, preliminary evidence was found that just 200 ms after visual sexual stimuli onset brain potentials differ according to the succeeding genital response. In the same sample, we simultaneously recorded CC potentials in addition to EEG and phallometric data. To further elucidate the functional significance of CC potentials, this paper analyses CC potentials and their relation to those penile response-related brain potentials, which we previously identified.
Materials and methods

Subjects
Measurements were performed in 20 healthy men with heterosexual orientation (mean age 25.9, s.d. 5.2 years). Informed consent was obtained from each subject. The study was approved by the local ethics committee.
Procedure
The EEG was recorded from eight sites according to the international 10-20 system. Ag/AgCl electrodes were placed at Fz, Cz, Pz, O1, O2, P4, T7, T8 and linked mastoids. Penile responses were assessed with a mercury-in-rubber strain gauge that was placed at the base of the penis. According to recommendations in the literature, 8 four surface electrodes were placed on the penis ( 
Data reduction and analysis
The trials were manually categorized with respect to the phallometric response. Trials with substantial increase in circumference after stimulus onset (relative to pre-stimulus baseline) were categorized as erection. However, this does not imply that the subjects experienced full erections in these trials. A substantial decrease in circumference was categorized as detumescence, whereas trials with obviously unaffected circumference were referred to as maintenance. A total of 222 trials (erection, n ¼ 93; maintenance, n ¼ 73; detumescence, n ¼ 56) remained after manual selection. Figure 1 depicts three trials of one subject, categorized as detumescence, erection and maintenance. To compare CC Figure 1 Three trials of one participant categorized as detumescence, erection and maintenance according his penile response. The vertical areas in gray correspond to the presentation of one visual sexual stimulus (30 s). The erection trial shows reduced signal activity in the four CC-EMG channels (RP, LP, RD and LD). PM ¼ phallometric; Eye ¼ eye movement. CCEMG channels: RP, right proximal; LP, left proximal; RD, right distal; LD, left distal. EEG channels: Cz, Pz, O1, O2, P4, T7, T8. CC, corpus cavernosum; EMG, electromyography.
Brain potentials related to CC-EMG J Ponseti and HA Bosinski signal strength between the three response types, CC-EMG amplitudes (peak to valley) were calculated and averaged for each trial and each CC-EMG channel independently. Mean CC-EMG amplitudes were then subjected to repeated-measurement analysis of variance with response type as a withinsubject factor. In addition, the frequency of the CC potentials was calculated and compared between the three response types by means of repeatedmeasurement analysis of variance. The EEG data of the categorized trials were subjected to ICA to identify EEG components related to erection, maintenance and detumescence. According to the ICA concept, EEG channel activity is interpreted as a signal mixture of spatially distributed neuronal modules. [9] [10] [11] ICA is a statistical procedure designed to unmix EEG channel activity. ICA yielded eight (independent) data channels of component activity according to the eight EEG channels subjected to ICA. It is to be noted that each of these independent data channels is hypothesized to correspond to the activity of one cortical source (that is, one component). In addition, ICA provided a scalp map projection for each of the eight component activities. A scalp map projection is a graphical representation of the relative strength and polarity of the projection of one component source signal to each of the EEG scalp channels. ICA and artifact selection were performed by means of the EEGLAB toolbox (6.01b) 12 running under Matlab (R14; The Mathworks Inc., 2005).
The eight components of EEG activity yielded by ICA were numbered consecutively from 1 to 8 because a naming according to brain topography was not possible due to overlapping scalp map projections. As described elsewhere in more detail, 7 seven out of eight components showed significant differences relative to the genital responding of the subjects (component-1 failed to differentiate between the response types, probably because this component reflects brain activity related to eye movements of the subjects).
After ICA, component activity was averaged over 100-ms time epochs during the first second after picture onset. In addition, the first 20 s after visual stimulus onset were averaged using bins of 1 s (in total 30 time epochs, each represented by one mean value). In the same manner, CC-EMG activity was segmented into 30 time epochs. In the next step, the mean values of component activity were correlated with the mean values of CC-EMG activity, thereby generating a correlation matrix of (30 Â 30 ¼ ) 900 correlation coefficients. To correct for multiple comparisons, an alpha level of 0.05 was divided by the number of comparisons (Bonferroni correction). Accordingly, the significance level was set to (0.05/ 900) P ¼ 0.00006. In the trials classified as erections (n ¼ 93) this corresponds to a correlation coefficient of r ¼ 0.4 as a significance threshold; in the detumescence trials (n ¼ 56), a correlation coefficient of r40.5 was considered significant. A total of 42 correlation matrices were built by a combination of three CC-EMG channels (LP CC-EMG channel was not analyzed due to missing differences in response, see section Results), seven components (the first of the eight components was omitted because of artifact accumulation) and two response types (maintenance trials were not analyzed). The key steps of the data analysis are illustrated in Figure 2 .
Results
Visual inspection of averaged CC signals (grand mean) showed larger amplitudes in detumescence relative to erection (Figure 3) . However, as averaging of CC activity smoothes amplitudes, differences between the three response types were most evident and statistically significant by a direct comparison of amplitudes (RP: (Figure 4 ). The frequency of CC potentials was equivalent in the three response conditions, with a total mean of 7.8 CC potentials (s.d. 1.27) in the RP channel within 20 s. Correlation analyses showed significant correlations between average component activity and averaged CC activity in 11 out of 42 correlation matrices. These eleven matrices with significant correlations are shown in Figures 5 and 6 . As a general example, in Figure 5 one of the eleven correlation matrices is shown in more detail to illustrate how the matrices were built (correlation coefficients are shown as colored patches to provide a meaningful overview).
Discussion
During the presentation of visual sexual stimuli, increasing penile tumescence was found to be accompanied by a reduction in electrical activity in the CC. This finding is in accordance with previous findings of 'electrical silence' during erections in sleeping males 2 and during alertness, 1 and it corroborates the notion that CC potentials reflect sympathetically mediated activity. However, during penile tumescence there was also some electrical activity, but it was lower than in the case of detumescence (Figures 3 and 4) .
In our previous study, we were able to show by the use of ICA that EEG brain potentials effectively differentiate between different penile responses. Here we found that erection-related brain activity and detumescence-related brain activity were correlated with CC potentials at numerous time points. Several implications can be derived from this: (i) CC potentials are not an artifact. These correlations rather suggest that CC potentials mirror
Brain potentials related to CC-EMG J Ponseti and HA Bosinski Figure 2 An illustration of the main data analysis steps for EEG, CC-EMG and phallometric recordings. For simplification, analysis of only one EEG channel and one response type is shown. EEG and CC-EMG data were sorted by response type. Subsequently, the EEG data were subjected to ICA, which transformed EEG-channel data into a weighted activity of one component, taking into account the variance of the other EEG-channel data (not shown in the figure). Brain potentials related to CC-EMG J Ponseti and HA Bosinski the central nervous system input to the CC (in addition to input from local sources). Moreover, this suggestion is supported by the finding that the significant correlations show a strong trend to cluster over adjoining time sections ( Figures  5 and 6 ). This indicates that there is a considerable amount of brain activity that varies coherently with CC activity for several consecutive time points. In our view, these clusters indicate some coherent steps within the continuous stream of ongoing penile response control. (ii) Many of the detected correlations cluster along the diagonal line (in Figures 5 and 6 ), indicating synchronous activity of brain and CC activity. However, in cases of 'asynchronous' activity, it is mostly brain activity that is correlated with succeeding CC activity and not vice versa (indicated by numerous colored patches in area E and many fewer colored patches in area H in Figure 5 and in the corresponding areas of Figure 6 ). This indicates that CC activity follows brain activity, suggesting that CC activity is under the control of brain activity. This assumption is in accordance with current knowledge about penile response generation. [13] [14] [15] However, there were also opposite cases, the most prominent of which is shown in Figure 6 , E: two large clusters (blue) indicate CC activity that is correlated with succeeding brain activity. It is possible that these correlations reflect some feedback mechanism in the sense that a given penile response might be able to trigger brain processing related to the somatosensoric perception of the penile response. However, this interpretation is quite tentative as it is not supported by the scalp map projection of the corresponding component-8, which indicates an occipital focus. Somatosensoric perception is expected to be processed in the central-parietal areas rather than in the occipital areas (note: a detailed interpretation of the scalp map projections to localize central nervous 'erection modules' was not possible with these data due to the limited number of EEG channels we used).
(iii) The polarity of the correlation coefficients within a cluster is always equal (that is, there are no clusters showing blue and red patches together). This indicates that the activity of one component has a rather coherent effect on the CC activity. This finding supports the suggestion that the activity of the various components we detected reflect the activity of some neural modules, each controlling one or more Figure 3 Grand means of four-channel CC-EMG of the three response types: erection (black), maintenance (gray, dotted) and detumescence (light gray). In most cases the largest amplitudes correspond to detumescence. CC, corpus cavernosum; EMG, electromyography.
Figure 4
Mean CC-EMG amplitudes for erection, maintenance and detumescence. In three out of four CC-EMG channels, detumescence is related to increased amplitudes as shown by repeated-measurement analysis of variance (*Po0.05). Erection ¼ black; maintenance ¼ dotted; detumescence ¼ gray. CC, corpus cavernosum; EMG, electromyography.
Brain potentials related to CC-EMG J Ponseti and HA Bosinski processing steps of the penile response. Note that some components have different effects on different parts of the penis, as is the case in component-5, with a positive association to CC activity in RP and a negative association in LD ( Figure 6 ).
Interestingly, we found detumescence-related component activity just 200-300 ms after stimulus onset to be negatively correlated with CC activity (Figure 6i ). This indicates that about 250 ms after stimulus onset, coherent CC activity and brain activity precede a succeeding penile detumescence. This finding is in accordance with previous findings, indicating that penile responses are processed at a pre-attentive (non-conscious) level. 7 This finding is now extended by the observation that autonomous input to the CC follows this preattentive processing at an early time point.
During erection onset, we find reduced electrical activity. This finding is in accordance with previous research 6 in which these signals were interpreted as asynchronous activity of the smooth muscle cells as a consequence of sympathetic tone reduction during tumescence. However, as relaxation of cavernous smooth muscle is attributed not only to a reduction of sympathetic activity but also to an increase in parasympathetic activity, [13] [14] [15] it appears possible that CC activity during tumescence mirrors parasympathetic input to CC. Here we found a total of six components of brain activity showing correlations with CC activity during erection onset ( Figures  5 and 6 ). It appears unlikely that these coherent patterns reflect some declining sympathetic input; therefore, we suggest that the erection-related CC potentials mirror parasympathetic input to the CC.
The CC potentials of the flaccid penis were found to effectively differentiate between men with erectile dysfunction (associated with cavernous smooth muscle degeneration and/or autonomic neuropathy) and healthy controls. 16 However, currently there is no diagnostic tool accessible for an objective measurement of psychogenic erectile dysfunction. It is possible that psychogenic erectile dysfunction originates from a malfunction of the central nervous system 'erection modules'. Further research should Brain potentials related to CC-EMG J Ponseti and HA Bosinski test whether brain activity related to CC potentials is able to differentiate between healthy men and men suffering from psychogenic erectile dysfunction. This could be a way to develop an objective measurement of psychogenic erectile dysfunction. This could be better done using EEG recordings than with MRI scans, given the outstanding temporal resolution of EEG recordings, which were able to Figure 6 Correlations between CC activity and brain activity of 20 subjects in the case of erection and detumescence of various CC-EMG channels and EEG components. For an explanation of the correlation matrices, see Figure 5 . It is to be noted that due to the different numbers of observations (erection: n ¼ 93; detumescence: n ¼ 56), the significance levels are r ¼ 0.04/À0.04 and r ¼ 0.05/À0.05 in the cases of erection and detumescence, respectively, as indicated by the colored bar on the top of the figure. Scalp map projections of the corresponding components are shown at the bottom right side of the matrices. Most of the matrices show either a relationship between preceding component activity and subsequent CC activity (a-d, g-i) or some kind of synchronous activity or complex interactions (a, b, d, f, g, j)
. Matrix e indicates a relation between CC activity (2-8 s) and subsequent component activity (about 9-20 s). This could reflect a cerebral feedback activity after conscious perception of circumferential increase. CC, corpus cavernosum; EMG, electromyography.
Brain potentials related to CC-EMG J Ponseti and HA Bosinski uncover correlations between brain activity and CC activity within a margin of milliseconds. However, further research should replicate this study using many more EEG channels to improve the spatial resolution of the EEG data. In summary, simultaneous measurement of the phallometric response, CC-EMG, EEG and their analysis by means of ICA uncovers brain activity related to CC activity. Functional evidence is provided that CC activity is under the control of brain processing. Furthermore, our data indicate that autonomous input reaches the CC within fractions of a second after stimulus onset, right after pre-attentive stimulus processing takes place in the brain. There is also evidence that central nervous system 'erection modules' receive feedback from the CC. CC activity during tumescence seems to reflect parasympathetic input. This experimental paradigm offers a basis for pursuing an objective measurement of psychogenic erectile dysfunctions.
